Recombinant herpes simplex viruses that express forof reduced expression of the viral immediate-early genes eign genes have potential for use as gene delivery and (3, 4) , and the development of several methods to faciligene therapy vectors. Herpes simplex virus type 1 (HSVtate recombinant virus construction (5-7). Another obsta-1), in particular, has several characteristics that make it cle that is common to the development of any gene therattractive for development as a gene delivery vector.
apy vector is the attainment of regulated and long-term These include the ability to express high levels of foreign expression of the desired foreign gene. To date, the most genes, the capability to infect a wide variety of cell types, common approach in regulating foreign gene expression and the ability to establish a nonlytic life-long latent infechas been through the use of different promoters, in the tion in sensory neurons. In addition, with the use of repliexpectation that some might have the ability to be excation-incompetent HSV vectors, gene delivery to nonpressed either to high levels or for extended periods neuronal cells is feasible, where lysis rather than latency after vector delivery (8-15). is the usual outcome of infection (1, 2) .
In previous work, we demonstrated that a replicationHowever, significant obstacles still remain in the deincompetent HSV vector that expressed interferon-a velopment of recombinant herpes simplex viruses as (IFN-a) inhibited human immunodeficiency virus (HIV) vectors for gene delivery. Some of these obstacles are replication in human monocytes (15). A vector-delivered unique to HSV, such as the cytotoxicity associated with antiviral gene such as IFN-a would be more effective vector infection even in the absence of vector replication, and safer if it were expressed at high levels only in HIVand the difficulties associated with manipulation of the infected cells (16). The aim of the present work was to viral genome. Efforts to overcome these problems have determine whether we could obtain such conditional resulted in a reduction of vector cytotoxicity as a result gene expression in an HSV vector. To test a model of inducible gene expression, we examined the ability of the HIV-1 long terminal repeat (LTR) to direct foreign The HIV LTR was inserted upstream of an Escherichia replication (7) ( Fig. 2D ; note scale difference). These results indicated that the LTR was active as a promoter in coli lacZ marker gene and recombined into the replication-incompetent herpes simplex virus d120 (Fig. 1A) . The a recombinant HSV vector, both in the presence and in the absence of virus replication. Thus, the LTR expresses virus d120 has a large deletion in the essential ICP4 gene and replicates only in cell lines such as E5 that lacZ in a replication-incompetent vector in a manner distinct from that of well-characterized HSV-1 promoters of can complement this defect (18). Upon infection of other cells, only the four remaining immediate-early genes and each temporal class. This may be due to the fact that the LTR contains multiple transcriptional regulatory elethe gene encoding ICP6 are expressed at appreciable levels (19). Two individual recombinant virus isolates ments, some or all of which may be responsible for expression in vd120/LTRb-infected cells in the absence were analyzed by DNA blotting to verify the expected structure (Fig. 1B) .
of Tat. The ability of the HIV LTR in vd120/LTRb to be transThe ability of the HIV LTR to direct expression of the lacZ gene was examined initially by infection of E5 and activated by the HIV regulatory protein Tat was examined by infection of cells that constitutively expressed Tat. Vero cells with vd120/LTRb ( to Tat (21). HeLa, HLtat, and HL2/3 cells were infected with vd120/LTRb and examined for the expression of used different temporal classes of HSV-1 promoters to express lacZ ( Fig. 3B-D) . Although both the late gC prolacZ at 24 hr (Fig. 3) . Expression of the lacZ gene in vd120/LTRb-infected HLtat and HL2/3 cells was inmoter ( Fig. 2B ) and the early tk promoter (Fig. 2C ) expressed lacZ during virus replication, expression from creased 8.5-and 4-fold, respectively, relative to the expression of lacZ in HeLa cells. In contrast, expression of both promoters was dramatically reduced in Vero cells in the absence of ICP4 and virus replication. In fact, no lacZ gene in vd120/b-Gal infected HLtat and HL2/3 cells was only 2-fold higher than in vd120/b-Gal-infected HeLa b-galactosidase activity was detected from the late gC promoter; only a very low activity was detected from the cells. No lacZ expression was detected in d120-infected cells. Similar vector infections were performed in 8E5 tk promoter at 18 and 24 hr postinfection. As previously (D) Infection with vd120/b-Gal (ICP0 promoter). All replication-incompetent vectors designated by the prefix d120 were derived from the replicationincompetent virus d120 (18), and they were grown and titered in the ICP4-complementing cell line E5 (19). Vectors vd120/gCL5 and vd120/tk were generated by recombination into d120 using the plasmids pgCL5 (34) and pTK-Gal (35). The HSV vector vd120/b-Gal has been described previously (15, 7). Cells were infected at a multiplicity of infection (m.o.i.) of 5 and the synthesis of b-galactosidase was measured at the indicated times after infection, essentially as described by Miller (36) but adapted for 96-well plates.
cells, an HIV-1-infected A3.01 T cell line that produces the absence of replication. Consequently, we infected cells with vector at a multiplicity of 0.1 to minimize cytoreverse transcriptase defective HIV particles (22). Expression of the lacZ gene in vd120/LTRb-infected 8E5 toxicity and measured the b-Gal activity in infected HeLa and HLtat cells at 1, 3, and 5 days postinfection (Fig. 4) . cells was increased 6.5-fold relative to the expression in A3.01 cells (data not shown). Furthermore, primer extenAt the low m.o.i. of infection, the relative effect of Tat on lacZ expression from the LTR in vd120/LTRb was even sion analysis of RNA isolated at 24 hr after vd120/LTRb infection of HLtat cells revealed that the lacZ mRNA was more dramatic. Expression of lacZ at 24 hr postinfection was over 26-fold greater in HLtat cells than in HeLa cells. initiated at the normal site of transcription in the LTR (data not shown). These results indicate that the LTR, However, b-Gal activity peaked at 1 day after infection of each cell type with vd120/LTRb and continued to deincorporated into the genome of an HSV vector, was transactivated by Tat.
cline for 5 days. This same relative pattern of lacZ expression was seen in vd120/b-Gal-infected HLtat and HeLa We wished to examine whether lacZ would continue to be expressed for an extended time in vd120/LTRbcells. To determine whether the vector remained in the cells during this 5-day period, we attempted to recover infected cells in the presence of Tat. Experimentally, such an analysis presented problems since the vector does vector DNA with a superinfection rescue technique (23, 24), using the replication-incompetent virus 5dl1.2. This not replicate, but the cells continue to divide. Furthermore, d120-derived vectors are cytotoxic to cells even in virus has a deletion in the essential immediate-early that either HSV early or late promoters can be used to direct foreign gene expression, since both types of promoters require ICP4 for expression (for example, Fig. 2) . Several nonherpesvirus promoters, such as the rabbit bglobin and the human a2-globin genes, have been inserted into both replication-competent and ICP4 replication-incompetent herpes viruses, but these promoters also require ICP4 for expression and function (27). In contrast, other non-HSV promoters, such as the SV40 early promoter (28), the Moloney murine leukemia virus LTR (10, 29), and the neuron-specific enolase gene promoter (12), have been shown to be active in ICP4 virus vectors, suggesting that some non-HSV promoters might be useful for directing foreign gene expression to neurons as well as to other cell types.
The results presented here indicate that conditional foreign gene expression might also be feasible in replication-incompetent HSV vectors. Expression from the LTR galactosidase, revealed similar numbers of lacZ express-9. Margolis, T. P., Bloom, D. C., Dobson, A. T., Feldman, L. T., and Steing cells in each culture, suggesting that there was no vens, J. G., Virology 197, 585-592 (1993 
